Introhs in the cytochrome oxidase subunit II (COXII) gene of plant mitochondrial DNA (mtDNA) have been observed only in monocots. The COXII genes in dicots investigated to date do not contain introns. This is the rirst report of an intron in the COXII gene of a dicot. The presence ofan intron in the carrot COXII intron was verified by restriction mapping and hybridization using specific maize and wheat COXII probes. Regions of the carrot COXII intron are homologous to the maize COXII intron and homologous to the wheat COXII intron-insert as demonstrated by hybridization. Homology of these regions was confirmed by sequencing portions of the gene. A comparison of the restriction map of the carrot COXII gene with the restriction maps of the COXII genes from pea, Oeaothera, maize, wheat, and rice revealed that the carrot map coincides with the rice restriction map.
contains a region equal in size and 99.3% homologous to the maize intron. This region is interrupted by a 422 bp insert (wheat intron-insert) at 1062 bp from the start codon (4) . Rice contains a 1217 bp region that is 98% homologous to the wheat COXII intron and it contains a 52 bp insertion at 1318 bp from the start codon. Thus, the rice intron contains regions that are homologous to the 794 bp maize intron, the 422 bp wheat intron-insert, and contains a unique 52 bp rice intron-insert. It is now possible to determine if these regions of the intron are present in the COXII gene based on DNA restriction analysis using specific endonucleases, namely BamHI, EcoRI, and Sall. maps of the plant COXII genes can be aligned and compared to identify different introns in the plant COXII genes (Fig. 1) .
Here we report that the COXII gene ofa dicot, carrot, possesses an intron as in monocots. Identification of the intron is based on a restriction endonuclease map and hybridization analysis with intron-and exon-specific regions of the wheat and maize COXII genes. The hybridization results were confirmed by sequencing portions of the gene. The restriction map of the carrot COXII gene can only be aligned with that of the rice COXII gene.
MATERIALS AND METHODS
Construction of Carrot Libnaries. Carrot mtDNA was isolated from 4-d-old cell suspension cultures of Daucus carota subsp.
sativus cv Danvers as previously described (6) . The library constructed in Charon 35 was made from purified mtDNA partially digested with the restriction endonuclease BamHI according to suppliers directions (New England Biolabs)5 and size fractioned on a sucrose density gradient (1 1). Large fragments (15-20 kb) were ligated to dephosphorylated Charon 35 arms (10) . The ligation products were packaged using commercially prepared materials (Promega). Packaged DNA was transfected into Escherichia coli LE392. DNAs from 400 individual plaques were each isolated and transferred to Biotrans filters (International Chemical and Nuclear). The library constructed in pBR322 was made from purified mtDNA completely digested with SalI. This was ligated to pBR322 (3), which had been digested by Sall and dephosphorylated. The ligated DNA was transformed into E. coli C600 (1) and plated on LB plates with 50 Ag/ml ampicillin.
DNA was extracted from recombinant colonies (amp+, tet-) and transferred to Biotrans filters using a dot blot manifold (Bethesda Research Laboratories).
Electrophoresis. Restriction endonuclease digestions and agarose gel electrophoresis were performed as previously described (6) . Restriction fragments smaller than 500 bp were separated on a 5% polyacrylamide gel in 1 x TBE (89 mM Tris-HCl [pH 8.3] , 89 mm boric acid, and 2 mm EDTA) at 150 V for 2 h.
Radiolabeling of DNA. Double stranded DNA was labeled with alpha-32P dCTP (New England Nuclear, 3000 Ci/mmol) by nick translation (14) . Single Hybridization and Sequence Analysis. DNA from lambda and pBR322 recombinant clones was transferred to Biotrans filters. The DNA was denatured in 1.5 M NaCl and 0.5 M NaOH, neutralized in 3 M NaCl and 0.5 M Tris (pH 7.0) and washed in 2 x SSPE (360 mm NaCl, 20 mm NaH2PO4, and 2 mM EDTA, pH 7.4). Filters were hybridized with the labeled COXII probes in 50% formamide, 1 x Denhardt's, 5 x SSPE, 0.3% SDS and 100 Ag of denatured salmon sperm DNA at 42°C, overnight.
Filters were washed four times in 250 ml of 2 x SSC (300 mm NaCl and 30 mM sodium citrate) for 15 (13) . Single stranded DNA was prepared and used as a substrate for dideoxynucleotide chain termination sequencing (15) .
RESULTS AND DISCUSSION The maize COXII gene, probe 1, (Fig. 2) hybridized to three different pBR322 clones, pMNS217, pMNS207, and pMNS160 which contained a 4.7, 1.8, and 2.1 kb carrot mtDNA insert, respectively. A single phage, MDB3 17, also hybridized and was isolated from the Charon 35 library. Clone MDB317 generates a 4.7, 1.8, and 2.1 kb fragment when digested with SalI. This suggests that these fragments are adjacent in the carot mitochondrial genome. Since the three SalI fiagments are adjacent to one another on the lambda clone and we have been able to determine which regions of the carrot COXII are contained in each, we conclude that there is only one copy of the gene in the carrot mitochondrial genome. Two of these fragments, 4.7 and 1.8 kb, hybridized strongly to the maize COXII probe, while the 2.1 kb fragment hybridized weakly (Fig. 3 ). Since the maize COXII probe represents the entire maize gene, including the intron and the flanking regions, several smaller maize and wheat COXII probes were used to map and define regions of the carrot COXII gene (Table I ). The 5' end of the maize COXII gene, probe 2, was used as a probe to identify the 5' en-d of the carrot COXII gene. The 5' end of the maize COXII gene only hybridized to the 4.7 kb fragment in clone pMNS217 (Fig. 3) 2 . Regions of the maize and wheat COXII genes that were used as probes in the hybridization experiments. The location of the COXII genes within the cloned DNA fragments are shown below the maps. Exon, intron, and intron-insert regions of the maize and wheat COXII genes are as in Figure 1 . The arrows identify cloned fragments of the maize and wheat COXII genes that were used as probes. The probes are identified in the text as follows: probe 1, maize COXII gene; probe 2, 5' maize COXII probe; probe 3, 3' maize COXII probe; probe 4, wheat 3' exon probe; probe 5, 3' wheat intron probe; and probe 6, wheat introninsert probe. The restriction sites are shown: S, Sall; Xh, XhoI; T, TaqI; B, BamHI; H, HindIII; and E, EcoRI. dicots and monocots, respectively (Fig. 4) . Thus, the 5' end of the carrot COXII gene is in the 4.7 kb fragment in pMNS2 17.
The maize 3' end, probe 3, hybridized to DNA fragments in pMNS217, pMNS207, and pMNS 160 (Table I) , suggesting the 3' region in maize spans the three carrot clones. A M13 clone containing the 3' exon of the wheat COXII gene, probe 4, (Fig.  2 ) was used to determine the location of the 3' coding region in carrot. The probe hybridized to DNA fragments in pMNS207.
Clones pMNS217 and pMNS 160 did not contain carrot mtDNA fragments that hybridized to the 3' exon of wheat, indicating that the 3' exon of the COXII gene is only contained in pMNS207.
Clone pMNS 160 hybridized to the 3' maize probe (probe 3), but not to the wheat 3' exon, probe 4 (Table I) . This is because probe 3 contains 670 bp of the 3' noncoding region of the maize COXII gene, whereas the probe 3 only extends 170 bp into the 3' noncoding region of wheat. Thus, the additional 500 bp in the 3' noncoding region in probe 3 contains sequences that are homologous to portions of pMNS207 and pMNS 160. Therefore, portions of pMNS207 and pMNS 160 are homologous to the 3' noncoding region. This is possible since the 3' noncoding regions of the all the plant COXII genes sequenced, except Oenothera, are conserved. However, the degree and extent ofthe homologous 3' noncoding regions in plant COXII genes has not been fully determined.
Clone pMNS217 hybridized to the 3' maize probe (probe 3), but did not hybridize to the 3' wheat exon, probe 4 (Table I) . This is because the maize 3' end probe contains an additional 427 bp region of the maize intron which is not present on the wheat 3' exon probe, suggesting pMNS217 contains regions which were homologous to the maize intron. A XhoI-SalI fragment containing the 3' end of the wheat intron (probe 5, Fig. 2 ) was used to identify homologous regions in the carrot COXII gene. Probe 5 hybridized to various fragments in pMNS217 (Table I) .
A 0.20 kb BamHI-EcoRI and a 0.18 kb EcoRI-BglII fragment from pMNS217 had not hybridized previously to the maize COXII probe (probe 1), because they contain portions of the wheat and rice intron-inserts which are absent in maize. Carrot sequences homologous to the wheat intron-insert were identified using a wheat TaqI-XhoI fragment (probe 6, Fig. 2 ). This probe only hybridized to fragments in clone pMNS2 17 (Table I) .
A portion ofpMNS2 17 was sequenced to confirm the presence of maize intron and the wheat intron-insert in carrot (Fig. 4) . The nucleotide homology between the carrot fragment and the corresponding 364 bp regions in maize is 95%, and corresponding 417 bp regions (364 bp in maize intron plus 53 bp in the intron-insert) in wheat and rice is 94%.
The restriction endonuclease map of the carrot COXII gene (Fig. 5) (Fig. 6) .
The wheat and rice intron-inserts, 422 and 461 bp, respectively, are flanked by almost perfect (6 out of 7 bp) inverted repeats (9). The inverted repeats are then flanked by direct repeats. These features, inverted repeats flanked by duplicated regions at the insertion site (direct repeats), are characteristic of transposable elements (5). The 52 bp insert within the 461 bp rice intron-insert is also flanked by direct repeats. In addition, it has been observed that many transposable elements begin with TG and end with CA (5) . That is the case in all the inserts mentioned above. Bonen et al. (4) and Kao et al. (9) suggest that the inserts in the wheat and rice introns may have arisen from a transpositional event. We have identified the same inverted and direct repeats by sequencing the 0.42 bp BamHI fragment of the carrot COXII gene. There are two base pair substitutions within the region containing the direct repeat sequence in the carrot COXII gene (5'-CGAAGTTGGGGG-3') as compared to the wheat and rice COXII gene direct repeats (5'-AGAAATTGGGGG-3'; 9). There is a single base pair subsitution in the inverted repeat in the carrot COXII gene (5'-CGGGACC-3') as compared with the wheat and rice COXII inverted repeats (5'-1GXGACC-3'). Ifthe intron-insert in carrot is a transposable element, the base pair substitutions within the direct and indirect repeats may affect its ability to translocate.
Intron-inserts in wheat, rice, and carrot can be explained in one of two ways. First, the intron-insert is part of the original intron and was deleted by alignment and recombination of the direct repeats. In this model, the wheat, rice, and carrot COXII genes would be precursors to the maize COXII gene. In the second model, the intron-insert would be inserted into the intron. In this model, the maize COXII gene would be a precursor to the wheat, rice, and carrot COXII genes. Kao et al. (9) favor the insertion model because it partly explains why plant mtDNA sizes vary. However, the origin of the carrot COXII intron and the intron-insert, and its relationship to other COXII introns is unknown. 
